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SUMMARY Many inborn errors of metabolism are associated with dysmorphic manifestations. In
this review, we have attempted to correlate the dysmorphic features with the underlying
metabolic defect or its consequences. Most of the defects which we have discussed affect the
synthesis or degradation of macromolecules (for example, collagen, elastin, bone mineral,
proteoglycans, glycoproteins, and triglycerides). Such defects may affect either a single enzyme
or multiple enzymes in specific organelles, such as lysosomes or peroxisomes, or they may affect
hormonal control of synthesis and degradation. Examples are also included of defects affecting
the catabolism of simple molecules when accumulating metabolites have a secondary effect on
macromolecules, as in homocystinuria. In a number of instances, however, the correlation
between the biochemical abnormality and the dysmorphic features are not understood.
Ultimately, all dysmorphic syndromes will be attributable to a biochemical defect or its effects.
The aim of this overview is to provide an insight into the relationship between the two at the
present time.

The study of inborn errors of metabolism has made
substantial contributions to our understanding of
biochemistry. It is worthwhile, therefore, to con-
sider whether we can learn anything about the bio-
chemistry of morphogenesis and dysmorphogenesis
from studies of those inborn errors which produce
dysmorphic features. The first conclusion to be
drawn from a survey of inborn errors' 2is that, as a
general rule, dysmorphic manifestations can be
expected as a result of disorders which affect the
synthesis or early steps in the degradation of the
large molecules which form the structural frame-
work of cells and extracellular matrix. Many of these
macromolecular reactions are under hormonal
control and therefore disorders affecting the syn-
thesis and biological action of hormones may also
lead to dysmorphic features. Inborn errors affecting
the metabolism of simple molecules (for example,
organic acidaemias) do not usually lead to dysmorphic
features unless there are secondary effects on
macromolecules.
Major components of the extracellular matrix

include collagen, proteoglycans (95% polysaccharide,
5% protein), glycoproteins, elastin, and bone
mineral. The architecture of cells is determined by
cell membranes and by intracellular structural pro-
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teins and also by their content of stored macro-
molecules (for example, triglyceride in normal
adipocytes or intralysosomal material in lysosomal
storage disorders). Cell membranes are composed
largely of phospholipids (phosphoglycerides, sphingo-
myelin, and plasmalogens), glycolipids, and choles-
terol. Disorders affecting the metabolism of some of
the macromolecules listed above are well known;
others have only recently been recognised.

Disorders of collagen and elastin metabolism

Collagen is the major fibrous element of skin, bone,
tendon, and cartilage and is responsible for their
tensile strength. Bone contains mainly type I col-
lagen whereas dermal collafen is approximately
80% type I and 20% type III. Elastin is responsible
for the elastic properties of the skin and of the walls
of blood vessels.

It is now generally accepted that defective syn-
thesis of type I collagen can result in weakness of the
bones with consequent fractures and deformity:
osteogenesis imperfecta (01). A variety of muta-
ions in the chains of type I collagen have been
described in autosomal dominant and recessive
forms of the disease.3 Type I collagen is a polymer,
assembled from al(I) and a2(I) chains in the ratio of
2:1. Sykes4 has suggested that mutant a chains
which become included in the collagen molecule
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may produce more severe phenotypic effects than
those in which the mutation prevents the a chain
from being incorporated into the collagen molecule.
01 is not always caused by a mutation in one of the
structural genes for type I collagen (COLIAl and
COLIA2); another postulated cause is a recessively
inherited defect in one of the enzymes required for
collagen production.5 Equally, defective synthesis of
type I collagen does not always produce osteogenesis
imperfecta; it may produce severe joint laxity with
multiple dislocations and subluxations: Eblers-
Danlos syndrome (EDS) type VII. The common
biochemical feature in patients with EDS type VII
appears to be impaired removal of the amino
terminal N-propeptides from procollagen. The
documented defects include heterozygous structural
alterations of the proal(I) or proal(II) chains which
prevent cleavage of the abnormal chain by pro-
collagen N-proteinase.('11 It is possible that a
similar clinical picture may be caused by deficiency
of the proteinase itself, inherited in an autosomal
recessive manner (McKusick 2254111).

Defective synthesis of type III collagen can reduce
the tensile strength of the skin and joints and so this
can also cause Ehlers-Danlos syndrome, in this case
the severe ecchymotic form (EDS type IV).'2 "3
The synthesis of both type I and type III collagen

requires post-translational modification of the pro-
collagen by conversion of lysine residues to hydroxy-
lysine. Lysyl hydroxylase deficiency causes the
autosomal recessive ocular-scoliotic form of EDS
(type VI).13 14

Impaired synthesis or increased catabolism of
elastin reduces the elasticity of the skin and can
therefore produce cutis laxa. Anderson et al"S have
described an autosomal recessive form of cutis laxa
with pulmonary emphysema associated with high
serum activity of an elastase.'5

Cross links between individual collagen molecules
and between individual elastin molecules are forged
by lysyl oxidase, a copper dependent enzyme. In X
linked cutis laxa (previously called EDS type IX),
Byers et all6 reported low levels of lysyl oxidase
activity and low serum copper and caeruloplasmin
levels. Clinical features included moderate skin
laxity, hyperextensible skin, mild joint laxity, dilata-
tions of the urinary tract, and inguinal herniae. In
Menkes syndrome,' the disordered copper metabol-
ism produces severe disruption of the elastic tissue
of blood vessels and emphysema and bladder
diverticula have also been described. Abnormalities
of skin elastin are detectable on electron micro-
scopy: these ultimately lead to cutis laxa and may
perhaps contribute to the pudgy cheeks. In cartilage,
irregularity of collagen fibrils has been described
and the bones are osteoporotic. The most striking

dysmorphic feature of Menkes syndrome, the steely
hair, is not attributable to lysyl oxidase deficiency.
Danks has suggested that it may be the result of
deficiency of another copper dependent enzyme that
cross links keratin by forming disulphide bonds.'

In cystathionine synthetase deficiency, accumu-
lation of homocysteine impairs the formation of the
cross links between lysyl and hydroxylysyl residues
of collagen and this is thought to be responsible for
some of the dysmorphic features, for example,
osteoporosis and joint laxity. However, the highly
characteristic lens dislocation is more likely to result
from disruption of the disulphide bonds of another
fibrous protein as a result of homocysteine accumu-
lation. Lens dislocation also occurs in sulphite
oxidase deficiency2 and molybdenum cofactor
deficiency'7; in these conditions it is thought to be
the sulphite accumulation which disrupts the
disulphide bonds.

Disorders affecting the bone mineral

Failure to deposit bone mineral in the matrix of
osteoid and epiphyseal cartilage leads to rickets,
with beading of the costrochondral junctions, bow-
ing of the legs, and widening of the metaphyses of
the long bones. Such changes can be the result of
inborn errors affecting renal tubular reabsorption of
phosphate, conversion of vitamin D to active
metabolites, or end organ sensitivity to these
metabolites. ' Failure of mineralisation also occurs in
hypophosphatasia,' which is characterised by low
activities of alkaline phosphatase in bone and serum
and by increased urinary excretion of phosphoetha-
nolamine and inorganic pyrophosphate. The failure
of mineralisation is probably caused by the reduced
activity of alkaline phosphatase in the bone. This
prevents hydrolysis of pyrophosphate and other
phosphate esters. Hence, the accumulation of in-
organic phosphate in matrix vesicles, which would
normally lead to the deposition of bone mineral, is
impaired. The dysmorphic features of hypophospha-
tasia include not only the signs of rickets but also
skin dimples and, in some cases, gross craniofacial
dysmorphism as a result of premature synostosis of
skull bones. Synostosis occurs because, in the
uncalcified osteoid, the fibrous septa that normally
separate the individual bones fail to develop. The
same phenomenon occurs in acrocephalosyndactyly,
but the cause of delayed calcification of osteoid in
Apert and related syndromes is not known.
Normal bone growth involves remodelling and

therefore catabolism of bone mineral. This process,
as well as mobilisation of calcium to restore the
plasma calcium concentration, is controlled by
parathormone. Pseudohypoparathyroidism' is caused
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by target organ resistance to parathormone. Hypo-
calcaemia is usual and there is a reduced urinary
excretion of cyclic AMP in response to parathormone.
Most patients are of short stature and have a round
face with a depressed nasal bridge and multiple
discrete abnormalities in the bones, including short
metacarpals and metatarsals. The latter defects arise
as a result of premature closure of the epiphyses
preceded by a decrease in longitudinal growth.
Reduced bone growth is a predictable consequence
of impaired remodelling, but why it should affect the
fourth and fifth digits and spare the others is difficult
to explain.

Disorders affecting subcutaneous fat

Insulin stimulates synthesis of triglyceride and in-
hibits lipolysis in adipocytes. A reduction in the
amount of fat in the subcutaneous tissues is re-
sponsible for some of the dysmorphic features in
leprechaunism, generalised lipodystrophy, and par-
tial lipodystrophy. Elsas et all8 have shown that
leprechaunism can occur as the result of a deficiency
of high affinity insulin receptors. In generalised
lipodystrophy, hyperinsulinism and insulin resis-
tance may also be found but the cause of the
syndrome is not fully understood. Partial lipo-
dystrophy has been recorded in association with
familial deficiency of the C3 component of comple-
ment and loss of adipose tissue may have an
immunological basis in this instance.19

Lysosomal storage disorders' 2 20

The lysosomes are the site of catabolism of many
structural macromolecules, including glycosamino-
glycans (mucopolysaccharides) derived from proteo-
glycans, glycoproteins, sphingolipids (sphingo-
myelin and ceramide), and glyco(sphingo)lipids (for
example, gangliosides). In some lysosomal storage
disorders, catabolism of only one type of compound
is impaired, for example, the glycosaminoglycan
dermatan sulphate in Maroteaux-Lamy disease (aryl
sulphatase B deficiency). However, some lysosomal
enzymes catalyse the hydrolysis of more than one
type of macromolecule and so, for example, in
infantile GM1 gangliosidosis, deficiency of 0i galac-
tosidase A leads to reduced catabolism of gang-
liosides, glycosaminoglycans, and glycoproteins. In
other lysosomal storage disorders the primary defect
leads to reduced activity of more than one enzyme
(for example, multiple sulphatase deficiency, I cell
disease). Finally, the distension of lysosomes with
undigested macromolecules may lead to secondary
effects on the catabolism of other macromolecules.
Nevertheless, it is possible to dissect out the major
effects of the primary defects.

The effect of a block of sphingolipid or glyco-
sphingolipid catabolism depends upon the localisa-
tion and function of the lipid. Galactocerebrosides
and their sulphates are lipids of the central nervous
system and so impaired degradation leads to neuro-
logical disease rather than dysmorphic features (for
example, Krabbe disease, metachromatic leuco-
dystrophy). Gangliosides are also found mainly in
the CNS and in GM2 gangliosidoses (Tay Sachs
disease and Sandhoff disease) CNS symptoms pre-
dominate. However, accumulation of gangliosides
and gliosis can lead to macrocephaly and, in
addition, many patients have doll-like facies with
pale translucent skin, long eyelashes, fine hair, and
delicate pink colouring. Whether these dysmorphic
features are caused by ganglioside accumulation is
uncertain; histochemical techniques reveal only
limited lipid storage outside the CNS. GM1 gang-
liosidosis can occur as a neurological disease without
obvious dysmorphic features but this is not the case
for the infantile form (see below). Glucocerebrosides,
neutral glycosphingolipids, sphingomyelin, and
ceramide are widely distributed outside the CNS as
constituents of cell membranes. Accumulation of
glucocerebrosides can produce bony deformity
(Gaucher disease), accumulation of neutral glyco-
sphingolipids (in particular trihexosylceramide) pro-
duces corneal dystrophy, cataracts, and angiokera-
toma corporis diffusum (Fabry disease), and accumu-
lation of ceramide causes a tissue reaction which
leads to swollen joints and periarticular nodules
(Farber disease).
The effect of a block in the pathway for degrada-

tion of one of the glycosaminoglycans depends upon
the function of the parent proteoglycan. Proteogly-
cans containing keratan sulphate are important
constituents of the extracellular matrix of cartilage
and the cornea. Remodelling of bones and joints
during growth is dependent upon turnover of the
cartilage matrix. Impaired degradation of keratan
sulphate in Morquio disease (types A and B) is
associated with severe dysostosis multiplex, growth
retardation, joint laxity, and corneal clouding.

Proteoglycans containing dermatan sulphate are
important constituents of the extracellular matrix of
interstitial connective tissue. Impaired degradation
of dermatan sulphate in Maroteaux-Lamy disease,
Hurler disease, and Hunter disease is associated
with thickening of subcutaneous tissues producing a
coarse facies, thick lips and gum ridges, and herniae.
Increased stiffness of ligaments and other connec-
tive tissues leads to deformities of joints such as claw
hand. Dermatan sulphate is not a major component
of cartilage and yet chondrocytes do become
vacuolated and irregularly arranged in the growing
areas of bones and this is probably the basis of the
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dysostosis multiplex (which is milder than that of
Morquio disease). In the cornea, dermatan sulphate
occurs as a mixed chondroitin-dermatan sulphate
proteoglycan. Degradation of this proteoglycan
requires a-L-iduronidase and arylsulphatase B but is
much less dependent upon iduronate sulphatase,
either because of undersulphation or because of an
easier bypass of the block by hyaluronidase. Hence,
corneal clouding occurs in Hurler disease (iduroni-
dase deficiency) and Maroteaux-Lamy disease (aryl-
sulphatase B deficiency), but not in Hunter disease
(iduronate sulphatase deficiency).
Proteoglycans containing heparan sulphate are

not components of the extracellular matrix; they are
components of cell membranes including the limit-
ing membranes of synaptosomes in the CNS. Im-
paired degradation of heparan sulphate is the
common feature in patients with Sanfilippo disease
types A to D. These disorders are characterised by
mental retardation and regression but only mild
dysmorphic features (coarse facies and dysostosis
multiplex).

Glycoproteins occur widely within cells, on the
cell surface, and extracellularly both within and
without the CNS. The effects of impaired glycopro-
tein catabolism can be identified in a mannosidosis
and aspartylglycosaminuria. (In other glyco-
proteinoses there is also impaired degradation of
glycolipids and perhaps glycosaminoglycans.) In
both a mannosidosis and aspartylglycosaminuria,
facial coarsening, herniae, opacities of the lens or
cornea or both, and a variable degree of dysostosis
multiplex occur. Thus, the dysmorphic effects of
impaired glycoprotein catabolism appear to be
similar to those of impaired dermatan sulphate
catabolism. In fucosidosis type 2 and sialidosis type
2 (juvenile type'), these dysmorphic features occur
together with angiokeratomata, similar to those
seen in Fabry disease. In fucosidosis this can be
explained by the defect in glycolipid catabolism
which leads to the accumulation of a pentaglycosyl-
ceramide which is closely related to the glycosyl-
ceramides that accumulate in Fabry disease. Early
reports of human I mannosidosis21 suggest that
coarse features and skeletal abnormalities do not
occur, but angiokeratomata can. This is very
difficult to explain as the defect should affect
glycoprotein degradation rather than glycolipid de-
gradation! One patient who was deficient in both ,
mannosidase and heparan-N-sulphatase (the en-
zyme which is deficient in Sanfilippo disease type A)
did have both coarse features and bony
abnormalities.22

In infantile GM1 gangliosidosis, catabolism of
gangliosides, keratan sulphate, and glycoproteins
are all severely impaired as a result of a defect of PI

galactosidase A. Hence, severe neurological disease
coexists with major skeletal abnormalities and
coarse features. In I cell disease and pseudo-Hurler
polydystrophy, there is a defect in the post-trans-
lational modification of a number of lysosomal acid
hydrolases. The mannose residues of these glyco-
protein enzymes are not phosphorylated normally,
which impairs translocation into the lysosomes and
leads to further glycosylation of the enzymes. The
phenotypic expression of these disorders appears to
be affected by the fact that impaired lysosomal
function, as indicated by their distension (presumably
with undigested macromolecules), occurs largely in
connective tissue cells. The dysmorphic features
resemble those seen in disorders of dermatan
sulphate or glycoprotein degradation, but there is no
corneal clouding. In multiple sulphatase deficiency
there is impaired catabolism of keratan sulphate and
dermatan sulphate and consequent dysostosis multi-
plex and coarse features. In addition, however,
there is ichthyosis as a result of steroid sulphatase
deficiency.
The above survey indicates that in the lysosomal

storage disorders, dysmorphic features occur largely
as a result of impaired turnover of structural
macromolecules within cells and in the extracellular
matrix. This results in progressive distortion of the
tissue and may provoke a tissue reaction such as
granuloma formation or gliosis. In many cases the
dysmorphic features are not present at birth but
become evident during childhood.
The investigations which may be helpful in a

patient who has or is developing coarse facial
features are shown in table 1. There are a number of
inborn errors of metabolism affecting either the
synthesis of thyroid hormones or their effect on
target organs' and the hypothyroidism which results
may produce coarsening of facial features, beaking
of lumbar vertebrae, and epiphyseal dysgenesis;
thyroid hormones are essential for the normal
turnover of the extracellular matrix.

Peroxisomal disorders

Peroxisomes are round or ovoid subcellular
organelles slightly smaller than mitochondria and
with a single limiting membrane and no cristae.
They can be shown histochemically by making use of
their peroxidase activity. Over the last few years the
number of genetic disorders attributable to malfunc-
tioning of peroxisomal enzyme systems has been
increasing steadily.2--36 In peroxisomal disorders,
the dysmorphic features are well established at birth
and thus the biochemical abnormalities must be
exerting their influence in utero. Peroxisomal de-
fects vary from those in which a single peroxisomal
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enzyme is deficient to those in which the whole
organelle is absent. Thus, it is possible to build up a
picture of the consequences of a single metabolic
block and of combinations of interrupted pathways.
The investigations which can be used to define the
nature of a peroxisomal disorder are summarised in
table 2. Some of the reactions occurring within the
peroxisome are concerned with the catabolism of
small molecules, for example, hydrogen peroxide23
and glyoxylate,24 and inborn errors of metabolism

TABLE 1 Investigations which may aid in the diagnosis of a
patient who has or is developing coarse facial features.

Urine
Glycosaminoglycans
Oligosaccharides
N-Aspartylglycosamine
Sialiac acid
Blood
Thyroid function tests
White cell histochemistry (vacuoles and metachromatic granules)
I cell screen (eg plasma aryl sulphatase A)
White cell enzymes (as indicated by above results)

a-L-lduronidase (Hurler, Scheie)
Sulphoiduronate sulphatase (Hunter)
Aryl sulphatase B (Maroteaux-Lamy)
Heparan N-sulphatase (Sanfilippo A)
N-Acetyl-a-glucosaminidase (Sanfilippo B)
Acetyl CoA: a-glucosaminide N-acctyltransfcrase (Sanfilippo C)
N-Acetylglucosamine 6-sulphate sulphatase (Sanfilippo D)
13 Glucuronidase (Sly)
3 Galactosidase A (GMI gangliosidosis. variaint Morquio)
o Mannosidase (mannosidosis)
a-L-Fucosidase (fucosidosis)
I-Aspartamido-1-N-acetylglucosaminc amidohydrolasc

(aspartylglycosaminuria)
a Neuraminidase (sialidosis)

X ravs
Skeletal survey for dysostosis multiplex

TABLE 2 Investigations used to delineate the nature of a

peroxisomopathy.

Demonstration of reduced numbers of peroxisomes
Electron microscopy of liver biopsy
Histochemistry of liver biopsy (staining for catalase activity)
Fibroblast catalase latency test (release of catalase using digitonin)

Peroxisome morphology
Electron microscopy of liver biopsy

Demonstration of impaired peroxisomal 13 oxidation
Plasma very long chain fatty acids (VLCFA)
C27 bile acids in bile plasma or urine
Fibroblast oxidation of 14C-VLCFA

Localisation of the defect in peroxisomal oxidation
Absence of a peroxisomal oxidation protein in the liver (immunoblotting)
Fibroblast acyl-CoA oxidase activity
?C-27 bile acid pattern

Demonstration of impaired plasmalogen synthesis
Erythrocyte plasmalogens
Fibroblast/platelet dihydroxyacetonephosphate acyl transferase
Fibroblast de novo plasmalogen synthesis (hexadecanol incorporation into

plasmalogens)
Demonstration of other biochemical abnormalities
Plasma phytanic acid/oxidation of phytanic acid by fibroblasts
Urinary pipecolic acid
Hepatic D amino acid oxidase activity
Hepatic L-a-hydroxy acid oxidase activity

affecting these reactions do not produce dysmorphic
features. However, peroxisomes are also responsible
for synthesis of certain phospholipids (plasmalogens)
and for the i oxidation of fatty acids. Plasmalogens
are important constituents of cell membranes and
the acetyl-CoA generated by peroxisomal j3 oxidation
is used in the synthesis of cholesterol and for other
syntheses involving acetylation reactions. 25
The peroxisomal pathway for 0 oxidation of

coenzyme A esters of fatty acids involves, sequen-
tially, acyl-CoA oxidase, a bifunctional protein with
enoyl-CoA hydratase and 3-hydroxyacyl-CoA
oxidase activities, and 3-oxoacyl-CoA thiolase. In
addition, oxidation of very long chain fatty acids
(VLCFA) requires a VLCFA-CoA synthetase. De-
ficiency of the peroxisomal VLCFA-CoA synthetase
produces X linked adrenoleucodystrophy and its
variants.26 27 These patients have no dysmorphic
features despite the fact that accumulation of
VLCFA can be shown in the fetus; adrenal atrophy
and demyelination first produce symptoms at seven
to eight years. Patients with a deficiency of one of
the PI oxidation enzymes (acyl-CoA oxidase28 or
3-oxoacyl-CoA thiolase29-31 ) do not have striking
dysmorphic features either; the mild dysmorphic
features can probably be attributed to the severe
hypotonia of prenatal onset (expressionless face,
tented mouth, high arched palate, bell shaped chest,
single transverse palmar creases) and delayed
osseous maturation (large fontanelle). However,
there are developmental anomalies in these patients.
The hypotonia is in part the result of abnormalities
of the cerebellum which shows demyelination and
gliosis but also neuronal heterotopias, indicating
defective neuronal migration. Renal cortical cysts
may also be present. Thus, deficiency of a single
peroxisomal i oxidation enzyme can cause abnor-
malities of organogenesis.

Defects in the peroxisomal pathway for the
synthesis of either phospholipids (plasmalogens)
have been described in both rhizomelic chondrodys-
plasia Bunctata32 and Conradi-Hunermann syn-
drome 3 The enzyme catalysing the first step,
dihydroxyacetone phosphate acyl transferase
(DHAPAT), is deficient in skin fibroblasts in both
conditions. Thus, it is tempting to postulate that
deficient plasmalogen synthesis can give rise to
punctate epiphyseal mineralisation with associated
limb shortening and joint contractures, a prominent
forehead, a low, flat nasal bridge, a short nose with
anteverted nostrils, malar hypoplasia, cataracts, a
short neck, and ichthyosis (fig 1). In rhizomelic
chondrodysplasia punctata, which is inherited as an
autosomal recessive trait, all cells express the defect
so that the abnormalities are severe and symmetrical.
In the X linked dominant form of Conradi-
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FIG 1 Craniofacial dysmorphism
in two infants with reduced activity
of dihydroxyacetonephosphate
acyl transferase but normal

* peroxisomal A3 oxidation.
(a) Patient 1 has X linked
dominant Conradi-Hunermann

~. syndrome and (b) patient 2 has
I..: rhizomelic chondrodysplasia

punctata.
U

(diI/) I

Hunermann syndrome the patchy nature of the skin
lesions and the asymmetry of the skeletal changes
could be explained by Lyonisation.34 The cranio-
facial features in rhizomelic chondrodysplasia
punctata are also affected by the extent to which
CNS involvement leads to microcephaly.

Patients with Zellweger syndrome, 'mild Zell-
weger variants', and patients with infantile Refsum
disease have a defect in the biogenesis of peroxi-
somes; the organelles are absent or virtually absent
from all cells. Cell fusion studies indicate that the
defect in infantile Refsum disease may be at the
same gene locus as the defect in Zellweger syn-
drome.35 As a result of the absence of peroxisomes,
the activity of DHAPAT (an enzyme which is
normally bound to the peroxisomal membrane) is
depressed and peroxisomal P oxidation is impaired.
The clinical features reflect to a considerable extent
a summation of those found in defects of peroxi-
somal I6 oxidation and those found in patients with
chondrodysplasia punctata, but there is a wide
spectrum in the expression of all of the features.
Patients with classical Zellweger syndrome have
very obvious dysmorphic features; the mild variants
who survive into the second decade of life and those
with infantile Refsum disease may have very subtle
dysmorphology (fig 2). Whether the variability is a
reflection of the ability of some patients to assemble
a few peroxisomes or whether the effect of absent
peroxisomes can be modified by other genetic or
environmental factors remains uncertain.

Patients with neonatal adrenoleucodystrophy also

have a defect in the biogenesis of peroxisomes. Cell
fusion studies indicate that this is not identical to the
defect in Zellweger patients. Kelley et a137 have
suggested that the effect on peroxisomal P oxidation
may be different; whereas Zellweger fibroblasts
show marked accumulation of saturated very long
chain fatty acids and some accumulation of unsatu-
rated VLCFA, neonatal ALD fibroblasts accumulate
less saturated VLCFA and considerably less unsatu-
rated VLCFA. A similar phenomenon is seen in the
plasma of these patients. This fits to some extent
with the postulated effects of impaired peroxisomal

oxidation; neonatal ALD patients are less likely
than Zellweger patients to show a retarded bone age
and large fontanelle or cystic kidneys. However,
both groups of patients show marked truncal hypo-
tonia and defects of neuronal migration, particularly
in the region of the brainstem and cerebellum. The
impairment of plasmalogen synthesis may also be
less marked in neonatal ALD than in Zellweger
syndrome. This could explain the absence of
chondral calcification and less obvious craniofacial
dysmorphism in neonatal ALD.

Although in the above discussion we have drawn
attention to the association between reduced plas-
malogen synthesis and punctate epiphyseal calcifica-
tion, Gilbert et a138 have listed a number of other
conditions in which such calcification can occur, but
in which impaired plasmalogen synthesis has not
been found, for example, warfarin embryopathy.
We could add to this list f glucuronidase deficiency
(R M Winter, P T Clayton, unpublished obser-
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FIG 2 The spectrum of craniofacial dysmorphism in patients with absent peroxisomes. Patients I (a) and 2 (b) had classical
Zellweger syndrome and patient 3 (c) had most ofthe features of classical ZS (see reference 36, patient A P) but has more
subtle dysmorphic features. Patient 4 (d) and his brother have many features ofZS but have survived beyond the age oftwo
and 10 years respectively ('mild Zellweger variants'). (e) PatientS (CB-6) had infantile Refsum disease.

vations), idiopathic neonatal hepatitis (E Naughten,
1987, personal communication), and a defect of
peroxisomal Pi oxidation (P T Clayton et al, un-
published data). One possible unifying explanation
would be haemorrhage into the cartilage in utero
perhaps because of hypoprothrombinaemia; hypo-

prothrombinaemia could result from liver disease,
from peroxisomal dysfunction, or from maternal
warfarin therapy. Punctate epiphyseal calcification
can also occur when the normal actions of thyroid
hormone are prevented, for example, in familial
resistance to thyroid hormone.'
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A disorder of cholesterol and nonsterol isoprene
synthesis: mevalonic aciduria39 40

Cholesterol is an important constituent of cell
membranes. The body's needs are supplied in part
by the diet and partly by synthesis from acetyl-CoA
via 3-hydroxy-3-methylglutaryl-CoA and mevalonic
acid. This pathway also supplies cells with nonsterol
isoprenes, including ubiquinone and haem A (com-
ponents of the respiratory chain), dolichol (which
participates in the synthesis of glycoproteins), and
isopentenyl adenine (a precursor of isopentenyl
tRNA which participates in DNA replication).
The first patient described with mevalonate

kinase deficiency had microcephaly, cataracts, a
large anterior and posterior fontanelle, and wide
sagittal and metopic sutures. He was dolichocephalic
and had a triangular face, downward slanting
palpebral fissures, and large, posteriorly rotated
ears. He showed severe failure to thrive and was
hypotonic but hyperreflexic. Radiology revealed a
severely retarded bone age and a CT scan showed
generalised atrophy of the brain. It is not possible to
say whether the dysmorphic features in this patient
were a consequence of impaired synthesis of
cholesterol and nonsterol isoprenes.

Disorders of pathways of metabolism of simple
molecules which do produce dysmorphic features

3-Hydroxyisobutyryl CoA deacylase deficiency4l is
an inborn error which only affects one step in the
catabolism of an amino acid (valine). Nevertheless,
the one reported case of this disorder had multiple
congenital malformations. Details of the dysmor-
phic facial features were not given, but the other
abnormalities included multiple vertebral anoma-
lies, tetralogy of Fallot, and agenesis of the corpus
callosum. It has been postulated that the inborn
error of valine metabolism leads to the accumulation
of ethylacrylyl-CoA, that this compound can form
conjugates with compounds containing free sulphy-
dryl groups, and that this is the cause of the
malformations. Methylacrylyl esters have been shown
to be potent teratogens in the rat.42
Nyhan and Sakati4" have suggested that

patients with methylmalonic acidaemia all have a
similar facial appearance; this is not our impression
from the 15 cases seen at The Hospital for Sick
Children, Great Ormond Street. Some patients with
a deficiency of the pyruvate dehydrogenase complex
have had a high bossed forehead, anteverted nose,
large ears, and dislocated hips with external rotation
of the legs.40
The dysmorphic features of cystathionine syn-

thetase deficiency, sulphite oxidase deficiency, and

molybdenum cofactor deficiency have already been
mentioned. Thus, we have described a number of
exceptions to the general rule that defects in the
catabolism of small molecules do not produce
dysmorphic features. Accumulating metabolites can
often affect important macromolecules in the fetus if
they are not dealt with by the placenta and maternal
metabolism. A graphic illustration of this is seen in
phenylketonuria. A fetus with (homozygous) phenyl-
ketonuria born to a normal (heterozygous) mother
has no dysmorphic features or congenital malforma-
ions because the mother rapidly metabolises the
excess phenylalanine and metabolites from the
fetus. However, a non-phenylketonuric (heterozy-
gous) fetus born to a mother with (homozygous)
phenylketonuria can have microcephaly, a facies
similar to the fetal alcohol syndrome, and congenital
heart disease as a result of the toxic effects of
maternal metabolites on the fetus.43

Dysmorphic syndromes with biochemical
abnormalities in which the precise metabolic defect is
unknown

Some patients with glutaric aciduria type II have
dysmorphic features. The first such patient4"1 44 had
a large head, a large fontanelle, and widely spaced
sutures. The ears were low set, the palpebral fissures
small, and the inner canthal distance increased. The
forehead was high and the nasal bridge low. The
nose was short, the nares upturned, and the phil-
trum long. The hands showed bilateral simian
creases and dysplastic nails. The infant had poly-
cystic kidneys. Lehnert et a145 and Bohm et a146
described a patient with wide set eyes, prominent
epicanthic folds, large, low set ears, a flattened
nose, and a receding chin. The facial features of his
sib were not commented upon, but both brothers
had warty dysplasia of the cerebral cortex, poly-
cystic kidneys, and intrahepatic biliary hypoplasia.
The pattern of organic acids excreted in glutaric
aciduria type II suggests that the defect affects
flavine adenine dinucleotide (FAD) containing
enzymes. In the non-dysmorphic patients, accu-
mulation of sarcosine suggested a defect affect-
ing the transfer of electrons from mitochondrial
FAD dependent dehydrogenases to coenzyme Q in
the respiratory chain. The cause of dysmorphic GA
II has not yet been fully elucidated. Sarcosine
accumulation does not appear to occur. Thus, it is
possible that the defect in this case affects glutaryl
CoA and acyl CoA oxidases in the peroxisomes
rather than the corresponding dehydrogenases in
the mitochondria. Peroxisomal oxidases appear to
be FAD dependent but it is thought that the
electrons from the FADH2 are transferred to
molecular oxygen (producing hydrogen peroxide)
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rather than to coenzyme Q.47 There are certainly
similarities between the dysmorphic features of GA
II and those of the peroxisomal defects.

Recently, Patton et a148 have described raised
plasma and urinary 2-oxoglutarate levels in three
patients with the DOOR syndrome (deafness,
onycho-osteodystrophy, and mental retardation).
Further studies will be needed before we can start to
explain the relationship between the biochemical
abnormality and the dysmorphic features in this
instance.
The cause of hypercalcaemia in Williams syn-

drome also remains obscure; detailed studies have
failed to show any definite abnormality of vitamin D
metabolism49 but impaired calcitonin secretion has
been reported in five children.5t

Future research

It is clear that we have much to learn about the
biochemistry of dysmorphism. The reactions which
are likely to produce the most severe dysmorphic
features (and may prove the most difficult to study)
are those relating to the metabolism and mode of
action of the substances that induce organogenesis
in the embryo, the morphogens. The first vertebrate
morphogen was identified in 1987: all-trans-retinoic
acid is produced in posterior limb bud tissue in the
chick and its concentration gradient induces the
correct sequence of digits in the developing limb.5'
Retinoic acid is a hydrophobic compound of re-
latively low molecular mass, characteristics which
may allow it to pass from cell to cell without gap
junctions or specialised receptors.52 It may be
worthwhile to investigate the mrtabolism of this
type of compound in patients with gross limb
reduction defects.

Identification of an inborn error by metabolic
studies sometimes makes it possible to localise the
gene defect. Take, for example, hypophosphatasia.
It is reasonable to assume that this disorder is caused
by a mutation in the structural gene for alkaline
phosphatase. Recently, the structural gene for the
liver/bone/kidney form of alkaline phosphatase
(ALPL) has been mapped to chromosome
lp34-p36-1.53 Since the ALPL cDNA detects a
restriction fragment length polymorphism with the
restriction endonuclease Bcll, it will be possible to
undertake linkage studies in families with more
than one child with hypophosphatasia to test the
hypothesis that the mutation is at this site.

We thank Drs J V Leonard, D G Atherton, D B
Grant, J Wilson, and E Brett for allowing us to
publish photographs of the patients and we thank
the families themselves. We are grateful to Profes-
sor Marcus Pembrey for his helpful comments.

Note added in proof

Further clues concerning the link between hypo-
prothrombinaemia and stippled epiphyses have
emerged from studies on a boy with a coagulo?athy
and the phenotype of warfarin embryopathy.5 It is
now well established that glutaric aciduria type II is
usually the result of an inherited defect of electron
transport flavoprotein (ETF) or ETF:ubiquinone
oxidoreductase but that the dysmorphic patients do
not have this defect.55
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